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ABSTRACT

In systems that achieve laser beam propagation through atmospheric turbulence by
phase compensation with adaptive optics, the performance depends on the beacon’'s
gpatial distribution. A formulation is obtained to calculate the anisoplanatic Strehl ratio
of a phase compensated, focused beam for any beacon distribution and turbulence
profile. Analytic results are obtained for several beacon geometries corresponding to
practical systems, in the large aperture limit. The effects of finite aperture are
evaluated for two representative beacon geometries, using both uniform and highly
localized turbulence profiles. The spread of the beacon distribution is found to be
much less deleterious than the offset of the beacon centroid from the aimpoint. The
anisoplanatic effect is qualitatively different in systems characterized by a focused
beam geometry and systems where the collimated beam geometry applies.

INTRODUCTION

Index of refraction fluctuations associated with atmospheric turbulence can
catastrophically degrade the propagation of an image or a laser beam through the
atmosphere. In many systems of interest, much of this degradation can be compensated by
the use of an adaptive optics system that corrects the optical phase profile of the outgoing
laser beam to cancel the effect of the turbulence. The adaptive optics system obtains the
required phase correction by detecting a beacon signal, which is generated in such a place
that it traverses the same regions as the light being compensated. Practically, however, there
will be some error in the phase correction, because the beacon light does not travel the exact
path of the light being compensated. This error, due to partially correlated differences in the
refraction index perturbations sampled by the beacon and the beam, produces what are
known as anisoplanatic effects, which reduce the performance of the adaptive optics system
from ideal.

The many applications for adaptive optics compensation can be categorized by
geometry, and each geometry has an associated set of anisoplanatic problems. For terrestrial

based imaging of astronomical objects, effective beacons can be provided by a bright starl, an

artificial laser star2, or Rayleigh backscatter3. For imaging of (or laser propagation to) an
orbiting object, a beacon can also be provided by light generated on or reflected from the

object, or a co-orbiting object#. For imaging of or laser propagation to a relatively slow
moving object such as an airplane or theater missile, a lead ahead beacon can be provided by
reflecting light from a target region ahead of the aimpoint, such that the aimpoint moves to
the beacon region in the time needed for light to make a round trip.

In geometries where an aperture is focused on some object and a point source beacon is
located at the same focal distance, a major source of anisoplanatic degradation is angular



displacement (the difference in directions between the beacon and the imaging or aim point).
This anisoplanatic degradation was characterized by Fried® and by Sasiela®. Yura’ and

Sasiela8 also obtained formulations for the focal plane intensity profile obtainable with an
adaptive optics system using an offset point beacon located at the focal distance. This
geometry applies to a bright star beacon for astronomical imaging, and to an orbiting object
that is used to reflect a beacon for itself (the angular offset in this case is the roughly 50
microradians that a low earth orbit satellite subtends in the light round-trip time.)

In geometries where an aperture is focused to an infinite focal length and a point source
beacon is in the same direction that the aperture is pointing, but at a finite distance, a mgjor
anisoplanatic effect comes from the difference between the collimated beam and the spherical
wave beacon. The nature of this so called focus anisoplanatism has been analyzed and

characterized for several turbulence models and beacon altitudes, by Tyler9, Fried &

Belsherl0, and Welsh & Gardnerll. This geometry describes an on-axis laser generated point
beacon for astronomical imaging.

In geometries where an aperture is focused at some arbitrary distance, and a point
beacon source is located at a different distance and in a slightly different direction, there is a
combination of angular and focal anisoplanatism. Formulations for the beam degradation to

be expected in this case have been developed by Tylerl2 and by Stone et.al.13 and applied in
the limit of an infinite focal length. This geometry describes an off-axis laser generated point

beacon for astronomical imaging. Sasiela814 developed a formulation for finding the
anisoplanatic effect with a distributed beacon, and characterized the case of a uniform circular
beacon source with a collimated beam.

In this paper, a formulation is developed for the geometry where an aperture is focused
on some object at finite distance, and a beacon is located at the same focal distance, but the
beacon is distributed about some centroid, and this centroid is offset from the aimpoint. An
anisoplanatic effect arises from the finite size of the beacon, and the offset of the beacon
centroid from the aimpoint. This geometry applies, for example, when an illuminator laser is
used to generate the beacon by lighting up part of the object of interest. The beacon will have
some distribution in the target plane, determined by the diffraction of the illuminator laser,
the steering, scattering and scintillation of the illuminator light by the atmosphere, the
illuminator pointing error, and the motion, shape, size and reflectivity of the target. This
analysis characterizes the anisoplanatic effect when an offset distributed beacon is used to
compensate a focused beam. The effect is examined for various beacon distributions. In
addition, the dependence on the aperture size and on the turbulence profile is examined.

FORMULATION OF ANISOPLANATIC STREHL RATIO

The geometry for a focused beam using a distributed beacon is shown in Fig. 1. Thez
axis has its origin at the center of the aperture, and points to the aimpoint. The telescope
aperture radius is R,(diameter is D), and the focal lengthisL. A point in space is specified by

a 2D radial vector, p, and its distance along the optical axis, z. The instantaneous index of

refraction perturbation due to turbulence, at a position (0, z) iswritten n[ P, z]. For any
point on the aperture, the residual phase error is the phase perturbation due to turbulence for
propagation from that aperture point to the aimpoint, minus the phase correction applied at
that aperture point. Tpe phase perturbation due to turbulence for propagation from aperture

point A at position (p,, 0) to the aimpoint, is obtained from the perturbation in the optical
path lengthl> between the two points:

Ot = o [,02 1[50, 1)

where kg = 217A is the wavenumber of thelight, y =z/L and y =1—-2z/ L. This
formulation does not treat amplitude perturbations or diffraction.



The phase correction applied at any aperture point is determined by the average over
the distributed beacon, of the phase perturbations sensed in the incoming beacon light. This
assumes that the distributed be?con is an incoherent light source. A radial position in the

target plane is r?presented by p and the normalized strength of the dirstributed beacon at

radial position b iswritten B(b), where the injegral of B(b) over al b isunity. The phase
correction that is applied at aperture position p, is

Jor o r r
Dsecon = o [ ADB(O) [z 70, + 10,7 2)

The residual phase error at aperture point A is thus

0. = [ ADBO) (75,7 - 1] 784 + 0.7 ©

Additional degradation caused by imperfect application of the sensed phase correction is not
treated here. The beacon is presumably strong enough that statistical sampling noise is
negligible.

The impact of the anisoplanatic error can be characterized by a reduction in deliverable
aimpoint intensity from that obtainable in the absence of turbulence. This ratio of intensities
with and without the anisoplanatic effect, known as the Strehl ratio, S, can be obtained from

the residual phase errors with16

s=[ [, exp(-%<(¢A-¢B)2>) (4)

,
where J’A . = (]/ nRz) J'dsz- is a shorthand notation for an aperture average. The angle

aperture
brackets denote an ensemble average over different realizations of the refractive index
fluctuations. The mutual coherence function of the residual aperture phase, defined as

rr
M(0,,0g) = exp(—%<((0A - ¢B)2>), is used here only to obtain a Strehl ratio, but it can be
used to obtain other measures of the performance of an optical compensation system17:18,
When the Strehl ratio is over about 30%, the aperture averaging can be movedl® inside the
exponential to get an approximation to the Strehl ratio: S Dexp(—%IA J'B<(q0A - (pB)2>). The

rr
structure function of the residual aperture phase, D(p,,05) = <((pA - (pB)2> has also been

used extensively in the literature in analyses of the performance of optical systems. A
guantity called the effective phase variance, defined as

% =4, J{l0n=0)) ®

can be used as a measure of the anisoplanatic effect19. In terms of this effective phase
variance, the Strehl ratio is approximately S= exp(—a;’eff )

r
The variance of the residual phase error at aperture position p, is ., , = <q0A2>. The
aperture average of the variance of the residual phase error, O 2,00 = IA<§0A2>, is also known as

the mean square wave-front distortionl2. The Zernike piston component of any aperture
function is its aperture average?0, so the aperture averaged variance of the residual phase



2
error with its piston component removed is U;Eﬁ = J'A<(q0A —IB qoB) > which is exactly

equivalent to the effective phase variance as defined in Eq. (5). A third completely equivalent
expression for the effective phase variance is 07, o = J'A<go§> - J’B<¢A¢B>, where the first

term is the mean square wave-front distortion, and the second term removes the piston
component.

To find the effective phase variance, the residual phase errors at aperture points A and B
from Eqg. (3) are substituted into Eqg. (5), giving

Tt =3[, IB<('<0 JBE) iz ({75, 2 ~r{by + 0.9 =B ]y V“F”Z]))2>

After the square is performed the effectlve phase variance |s the sum of 16 terms, each having

the form [ [ bB(b)J'd bB(b’ )Idzjdz < [1(2 b), ] [ (2 b)z]>
where r represents the rad|?I position along either the beam or beacon ray from either point

A or B in the aperture, and I, represents any of these four in the primed set used to perform
the square. Because of the interchangability of the A and B aperture averages, and the
primed and unprimed integrations, the sixteen terms can be combined into six terms, of which
three are simplified cases of the other three:

n[ypA,Z]n[y pA,Z]
—n[ypA,Z]n[y pB,Z]

—2n[ypA + yb Z]n[v pA,Z]
+2n[VPA + Vo ]n[y pB,Z]
+n[ypA+ Vo ]n[va+y'b' |
b+ 0.2 i2ba + v 2]

=K[ [, szkgB(kg) Idzrg'B(é') LLdz J’OLdz' (6)

The correlation function for the refractive index fluctuations at two positions was given
by Tatarski?l as an integral over the Kolmogorov turbulence spectrum

exp(nizqrﬁ(z) @) +ikiz=2)
(k2 kz)ll/ﬁ

The turbulence strength is characterized by C,f (2), the Kolmogorov turbulence structure
coefficient. The turbulence fluctuations have been eigpanded into Fourier components, where

k7 represents the component in the z direction, and k represents the 2D components
transverse to the z direction. A handy gimmick for performing two of the integrations (over

Z and kz) can be obtained with the Fourier transform23

ﬁjxﬁakf (K)exp(ikx) = 2 f (k) d(k) (noting that practically all the contribution from the
Z' integral comes in the region near z, and using the symmetry of the correlation function):

(12,7 n[1,(z),2]) = 0.2073C2(2) IerE [k, (7)

r
J’dz’<n[rr1(z), Z n[rrz(z'), z])=o. 2073(:5(2)]%005({ [erl(z) - rrz(z))) (8)
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Applying Egs. (7) and (8) in Eqg. (6), and rearranging with trig identities gives the
effective phase variance to be

= 0.2073KCL [ dyCZ (1) km[l I cos(k [P, - pB)y)] i- J’deB(b) exp(ik by)
(9)

The effect of the beacon anisoplanatism can be separated into a filter function

r r r rr 2
F(k,y) = \1— [ *B(b) exp(ik Eﬂ)y)‘

rr rr 2 r-r.. rr 42 (10)
= [ J'dsz(b)(l— cos(k Eﬂ)y))] 4 [ [dbB(b)sin(k [ﬂJy)]
and the aperture averages can be performed to give
r r
o2 . =0.2073k2L f: dyC2(yL) J’dzkk‘ll’S[l— N (KR F(K, y) (11)

where A, (x) =2J,(x)/ X is the Jahnke notation22 for twice the first Bessel function divided
by its argument.

Sasielal4 obtained a formulation for the aperture average of the residual phase variance
with some or none of the Zernike modes removed. His formulation has greater scope than
Eg. (6) in that it includes diffraction, treats alternative geometries implicitly, and provides for
removal of tilt as well as piston Zernike modes. He evaluated the case of a collimated beam
and a distributed beacon at a finite distance, neglecting diffraction, and the effective phase
variance for that case, obtained by combining Egs. (10,19, 26 and 27) of his paper can be
written

2 i 729 lkuBAy)debB(b)exp(nitﬂgy)\ i
O = 0.2073KCL [ dyCZ (W) [ 0Kk C o
H\/\ (kR) - A\, (KR}) Idsz(b)exp(lk Eﬂ)y)‘

In the collimated geometry, the aperture averaging can not be untangled from the beacon
distribution averaging, as it can in the focused beam geometry. For a focused beam, a careful

application of Sasiela's formulationl4 can lead to Egs. (10) and (11).
If no phase correction was applied to the beam, the resulting filter function would be

F(¢k)=1. Using this filter, and the integral I: dx x¥3(1— A2(x)) = 106498, the effective

phase variance obtained from Eq. (11) matches Fried’'s well-known result®, giving
0 4 =1033(D/1,)*"®, where rq is the atmospheric coherence length for the path from 0 to

L, defined by r %% =0.4235k? I dzC2(z)y°".

WAVE-FRONT DISTORTION WITH DISTRIBUTED BEACONS

As pointed out by Sasielal4, in many cases of interest the mean square wave-front
distortion (which includes the piston Zernike mode) provides a good approximation to the
effective phase variance. The mean sguare wave-front distortion, obtained by a derivation
analogous to that leading to Eg. (11), is found to be



02, = 0.2073K’L _[: dyC2(1L) J’dzlzk‘mF(lE, V) (12)

In the limit of large aperture, the piston component of the residual phase will tend to zero.
The mean square wave-front distortion of Eg. (12) can therefore be interpreted as the
effective phase variance in the large aperture limit. Even though Eq. (12) gives a smaller
Strehl ratio than a finite aperture would really have, it can be used for a first comparison of
anisoplanatic effects for various beacon geometries.

Offset Point Beacon
For a point beacon source, displaced from the aimpoint by ¢bg, the beacon distribution,
in terms of the Dirac delta function, is B(¢b)=6r(¢b - ¢bg). When this beacon distribution is

substituted into Eq. (10), the integration over b istrivia, and the filter function is easily
found to be

r rr
F(k,y) = 2(1- cos(k [b,)) (13)

Using this filter, and the integral J’: dx x™#%2(1- J,(x)) = 2.23666, the phase variance
obtained from Eq.(12) matches Fried's standard resultl

o = (b, / LB,)*"® (14)

@,,Point
L
where 8, is the isoplanatic patch anglel, defined by 6% = 2.914k? J’O dzC?(2)2°".

On-axis uniform circular beacon
For a uniform circular beacon source distribution, of radius Rp, centered at the

aimpoint, the filter function from Eq. (10) is found to be22
r 2
F(k,y) =[1- AR, Y)] (15)

Using this filter, and the integral f dx x#3(1- A,(x))? = 0.155019, the phase variance
obtained from Eq.(12) is

O-;oo,circle = (O 2016F\)) / I-eo)s/3 (16)
The phase variance from a circular beacon of radius Rp will thus be equivalent to the phase
variance that would be obtained by a point beacon offset from the aimpoint by 0.2016 Ry,
The path integral over the weighted turbulence profile is collected into the same isoplanatic
patch factor as in the offset point case.

For an Ion-axis uniform circular beacon, in collimated beam geometry, Sasielal4

obtained F(K,y) =1-2A,(kR y)A,(kRy) + Ni(kR y) as the filter function for finding the
mean square wave-front distortion. In the limit that the beacon radius is much greater than
the aperture radius, the phase variance obtained with this collimated geometry filter is
identical to that given by Eq. (16) for the focused beam geometry (the kRy argument of the
second term can be replaced by O for the integrations of Eq. (12) in this limit). However, for
the small beacon radius limit, the results are qualitatively different. An on-axis point beacon
gives no anisoplanatic error in the focused beam geometry, but in the collimated geometry,



there is a “focal” anisoplanatic effect due to the mismatch between the conical shaped
beacon and the cylindrical shaped beam.

Offset uniform circular beacon
For an offset uniform circular beacon of radius Ry, offset from the aimpoint by a
displacement ¢d, the filter function is found to be

F(K,y) =1- 2/ (kRy) cos(k [aly) + A (kR,) (17)

Using this filter, the phase variance obtained from Eq.(10) is
O otsmcince = (0.2016R, / L6)*°K(d/ R,) (18)

where K(e) is an auxiliary function defined in this geometry by
K(e) = 6. 45082L°° dx X 31— 2J,(x€)A,(X) + No(X))? (19)

For a beacon of radius Rp, K(d/Rp) is the ratio of the phase variance with a beacon offset of d,
to the phase variance with zero offset. For small values of d/Rp, K has an asymptotic value of

unity. For large values of d/Rp, K=(0.2016d/Rp)->/3, which with Eq.(18) gives the same phase
variance as an offset point beacon. A numerical evaluation of this phase variance multiplier
due to beacon offset is shown in Fig. 2.

¢ For an offset uniform circular beacpn, in collimated beam geometry, Sasielal# obtained

F(k,y) =1-2A, (kR y)A\,(kRy)J,(k [y) + Ns(KR y) as the filter function for finding the
phase variance including piston.

If the offset to the center of a uniform circular beacon is fixed, the phase variance can
be treated as a function of the beacon radius. The anisoplanatic phase variance is then found
to be minimized when the beacon radius is 1.59 times the offset, in which case, the phase
variance is reduced by a factor of 0.8527 from the value obtained with a point beacon at an
offset of d.

Other beacon source distributions
For a Gaqssian circular beacon source distribution given by a standard 2D Gaussian

distribution B(b) = (2rz?)™* exp(—bz/(ZZZ)), the filter function of Eq. (10) is found to
r
be23 F(K, ) :(1—exp(—22k2y2/2))2. Using this filter, and the integral

> -8/3 2 2 _
J:) dx x(1 - exp(=x"/2))" = 0.408984 thexsphaseyvarianceyobtai nedfrom
% -8/3 (9 _ 2 2 _
oEq 2 _is??found??too?be_[o dx X (1 - exp(—x“/ 2)) —0.408984_,)?
2l Nonanstwoo7poi ntosstraddl epsbeacons,geometry, thepsbeaconisycompos
ed70f7twoPoi ntosourceswhichaoostraddl epsthessai mpoint.oo77T hepptwoo,
poi ntsp7arey;l ocated-yato7positions,ythoysandoy-¢ho, ;i nosthextargetooplane

7T hexfilterofunctionyisyof oundytorber,
> -8/ -
el JIO naix okré ¢k +iegigeacdit QMMGP@%%%%WU%”%}%‘%%? ari?%l% pf the
ring is by, the filter function is giyen by F(K,y) =(1— Jo(kb , and the resulting phase
- d 1-Sxp(oxd 1 212 =6, 408%
e Rl A seadn 1 52 & o(.(3501b0)S/ o 0o o
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For the geometry where the beacon source distribution is a uniform centered line
segment with half length by in the target plane, centered at the aimpoint, the filter function is

r rr rr
F(k,y)= (1—Sin(k tb,y) / (k [ﬂ)oy))2 and the resulting phase variance, including piston, is
found to be 07, ;. = (0.1663by, / L6,)*".

EFFECTIVE PHASE VARIANCE WITH DISTRIBUTED BEACONS

The effective phase variance, for an arbitrary aperture size, can be found by putting the
various anisoplanatic filters into Eq. (11). The effective phase variance will depend on the
turbulence profile in a more complicated way than can be incorporated into the isoplanatic
patch angle. The effective phase variance can be cast as the product of the mean square wave-
front distortion (which includes piston) and a variance reduction factor that removes the
piston:

Ot = O VIf (20)
The variance reduction factor is obtained by dividing the effective phase variance of Eq. (11)
by the phase variance of Eg. (12). For beacons that can be characterized by one size
parameter, say d, the variance reduction factor can be written in terms of an auxiliary
function, K(e), called the non-piston fraction, that depends on the beacon geometry:

wf = [Ldyy"*CHK(RY 1 () /[ vy °Ca () (21)

The turbulence is assumed to be isotropic. For the offset point beacon geometry, the non-
piston fraction is given by

K" (€) = 0.4471 dupr™°[1- A (u€)] 2(1- () (22)

and the beacon size parameter d in Eg. (21) is the beacon offset, bg. A numerical evaluation

of the offset point beacon non-piston fraction is shown in Fig. 3. The numerical integration
of Eq. (22) is performed with the following techniques. For very small values of y, the
integrand is expanded into a power series (up to eighth order in ), and the terms are
integrated separately and added. The Bessel function terms are divided into two pieces. The
first piece extends over about five oscillations, where the Bessel function itself is used. The
second piece extends from the end of the first piece to infinity, and applies an exponential
damping to the Bessel function oscillations. The integral can be truncated at some value of p
because of the inverse weighting in the integrand. For a given value of e, the quadrature is
successively reduced until further improvement is sufficiently small (five significant figures).
The upper limit of the integration is also extended until further contributions are negligible.
For an on-axis uniform circular beacon, the non-piston fraction is found to be

K(€) = 6.4508[ dyup ™[ 1~ A (me)] (L- A (W) (23)

and the beacon size parameter d in Eq. (21) is the beacon radius, Ryp. The non-piston fraction
for the uniform circular beacon is also shown in Fig. 3.

To find the anisoplanatic phase variance in a particular application, the appropriate
non-piston fraction and the expected turbulence profile are used to obtain the variance
reduction factor. This will generally require numerical integration with a given specific
turbulence profile. The dependence on the turbulence profile will be assessed by treating two
extreme idealized profiles: uniform along the path, and highly localized turbulence.

For a uniform turbulence profile, the variance reduction factor of Eq. (21) simplifies to



DRyD

8
Vrfuniform = é'r:dyyws E_E (24)

A normalized aperture diameter can be defined in terms of the atmospheric coherence length
and the mean sgquare wave-front distortion

A D
D=——-—¢ (25)
(o (05.)
or in terms of the isoplanatic patch and beacon size DOF> = DL6 and I5UC -b L—QO
» 0.2016h;

For the uniform turbulence profile, the atmospheric coherence length and the |sopl anatic
angle are related by L6, /r, =0.3144. The finite aperture variance reduction factors for a

uniform turbulence profile can then be expressed as functions of the normalized aperture
diameter:

W e = 4 [, Yy K (1590D (L~ 1) )

wif =g f; dyy®"® K¢(0.3206D(1- y) / y)

uniform

(26)

These variance reduction factors are shown in Fig. 4.

The Dirac turbulence profile, i.e. CZ()L) = d(y - y,)AC’, , can be used to

characterize the variance reduction for cases where the turbulence is highly localized. This
corresponds to a region of turbulence located at a distance yoL from the aperture, spread over

adistance A, and having strength Cfo . In this case, the variance reduction factor of Eq. (21)
simplifies to

DRyo

Dlrac - %E (27)

Any ratio of coherence length to isoplanatic patch can be approximated, depending on the
location of the turbulence in the path: L8, /r, =0.3144(1-y,)/ y,. The variance

reduction factors for the Dirac profile with the offset point and the uniform circular beacons
are then

VI Dirae =K (1590 I5op) (28)
vrf g, =KU°(0.3206D,)

These finite aperture variance reduction factors for localized turbulence profiles are shown in
Fig. 5.

When the normalized aperture is large, the asymptotic variance reduction factor is unity.
However, the large aperture asymptotic value is reached at a smaller normalized aperture for
the uniform circular beacon than for the offset point beacon. This indicates that the residual
phase variance with the uniform circular beacon has a much smaller contribution from low
order modes (in particular, piston) than does the offset point beacon.

In the small normalized aperture limit, regardless of the turbulence profile, asymptotic
behavior of the variance reduction factors is found to be



f)olp' T ourf% =2.0660,,°
[A)UL":‘ oWrfY° =10330, . (29)

These asymptotic values combine with Eg. (20) to give the phase variance when the beacon
size (normalized to the isoplanatic patch) is large relative to the aperture (normalized to the
coherence length). For the offset point beacon, the phase variance in this limit is exactly twice
the phase variance for uncompensated turbulence. When the offset is sufficiently large, the
phase error sensed by the beacon is uncorrelated to the required phase correction of the
outgoing beam, so that the total variance is the sum of the beacon and outgoing beam
variances, i.e. twice the uncompensated result. For the uniform circular beacon in this limit,
the phase variance approaches the uncompensated value, rather than twice the uncompensated
value, because for a large uniform beacon, the sampled phase variance will average to zero.

SUMMARY

A methodology has been laid out by which the anisoplanatic effects of distributed
beacon sources can be evaluated for focused beam geometries. Its application isin
determining the performance limitations of an adaptive optics wavefront compensation
system, where the wavefront sensor uses the return from an illuminated target. For any
beacon source intensity distribution, Eq. (10) is used to find the appropriate anisoplanatic
filter. Thisfilter is then used as a weighting function for the integration over the turbulence
spectrum. Eq. (11) then gives the integral that must be performed over the turbulence profile
to obtain the residual anisoplanatic phase variance. This phase variance is then used to obtain
the Strehl ratio for the compensated beam. A number of practical beacon distributions have
been treated analytically, and two extreme turbulence profiles have been employed, to
illuminate trends.

The key result is that the spread of the beacon distribution has much less deleterious
effect than the offset of the beacon centroid from the aimpoint. It was also seen that some
anisoplanatic effects with collimated beam geometry are qualitatively different from those in
a focused beam geometry.
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